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We have performed diffraction and inelastic neutron scattering experiments on a
La0.85Sr0.15MnO3 single crystal. In the ferromagnetic phase of this system~Tc5235 K! the long
wavelength dispersion relation along the~0,1,0! direction is well represented byE5E01Dq2, but
with the spin wave spectrum almost gapless~E0,0.1 meV!, and with DT50583.7560.36
meV Å2. The spin-wave stiffness constantD(T) exhibits a power law behavior as a function of
temperature, and appears to collapse asT→Tc . An orthorhombic–rhombohedral structural phase
transition is observed atTs 5 360 K, and exhibits a hysteretic character suggesting a first-order
transformation. Anomalies in magnetization measurements and Bragg peak intensities indicate the
existence of a second phase transition atT5200 K. © 1997 American Institute of Physics.
@S0021-8979~97!72608-2#
tin
i
in
ole

n
an
pi
-
iti
nd
di
c
le

co
ld

th
th
es
he
ng

te
tio
a
a
te
g
e

s
a
of

tic
ics
ro-

nts

ring
es
The
he

eu-
the
T

or
in-
as
tight
r
-
le
to

-

ows
r
he

on
t
k-
The discovery of the high temperature superconduc
copper oxides has revived interest in the correlated dynam
of spins and charges near the Mott transition in neighbor
3d electron transition metal oxide systems such as h
doped lanthanum manganites La12xAxMnO3 with the perov-
skite structure.1,2 This renewed interest has been treme
dously enhanced by the recent discovery of gi
magnetoresistance phenomena in samples with Sr do
levels in the 0.2<x<0.4 regime,3 and of collosal magnetore
sistance anomalies in samples with Ca dopant dens
around x51/3.4,5 The correlation between magnetism a
conductivity in these systems has been extensively stu
during the 1950s and 60s,1 and the evolution of the magneti
properties with band filling was well explained by the doub
exchange hopping mechanism.2 However, the anomalously
large magnetoresistance effect, as well as the newly dis
ered lattice structure switching by an external magnetic fie6

or the field-induced insulator-metal transition,7–9 cannot be
explained within this model. These phenomena indicate
the lattice degrees of freedom must also be involved in
correlation between magnetism and conductivity in th
systems. It was suggested that the understanding of t
materials should include, in addition to the double excha
mechanism, strong electron correlations,3 or a strong
electron–phonon interaction.10

The existence of strong electron correlations is expec
to affect the magnetic ordering and the magnetic excita
spectrum. The spin dynamics can provide crucial inform
tion for determining the itineracy of the system, as well
the importance of the electron correlations. Neutron scat
ing studies of the spin dynamics in the metallic ferroma
netic state of La12xAxMnO3 have been carried out in th
optimally doped regime withx;0.3 for A5Pb,12 Sr,13,14and
Ca.15 The results show essentially standard spin dynamic
a conventional metallic ferromagnet, except for the C
doped samples15 which indicate a possible coexistence
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spin-wave excitations and spin diffusion in the ferromagne
phase. It is important to determine how the spin dynam
evolves with doping, particularly as the undoped antifer
magnetic insulating state is approached.16,17 In the present
publication we report diffraction and inelastic measureme
of the spin dynamics in La0.85Sr0.15MnO3.

The single crystal used in the present neutron scatte
experiments was grown in Laboratoire de Chimie d
Solides, Orsay, France, using the floating zone method.
crystal size is 5–6 mm in diameter and 3 cm in length. T
sample was oriented such that the@010# and@101# axes of the
orthorhombic Pbnm cell lie in the scattering plane. The n
tron scattering measurements have been carried out on
BT2, BT4, and BT9 triple-axis spectrometers at the NIS
research reactor. The~002! reflection of pyrolytic graphite
~PG! was used as monochromator and analyzer, with PG
cold Be filters, for measuring the low-energy part of the sp
wave spectrum. A variety of collimator combinations w
used as required by the measurements, ranging from as
as 158-128-S-128-408 ~in sequence from reactor to detecto!
to 608-408-S-408-408 The sample was placed in a helium
filled aluminum cell in a displex refrigerator. The samp
temperature ranged from 10 to 300 K and was controlled
within 0.1°.

La0.85Sr0.15MnO3 was previously reported
11 to be an in-

sulating ferromagnet belowTc5235 K, although some com
ments are necessary on this point. AboveTc the resistivity of
this system increases with decreasing temperature, but sh
an abrupt drop atTc , and a fairly sharp upturn at a lowe
temperature around 200 K. From the point of view of t
resistivity behavior, the phase for 200 K<T<Tc can be iden-
tified as a metallic phase. Using neutron diffraction
La12xSrxMnO3, Kawano et al.18 have established tha
samples withx50.10, and 0.125 show two transitions, mar
ing the onset of ferromagnetic long-range ordering atTc , and
5491/3/$10.00 © 1997 American Institute of Physics
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of antiferromagnetic ordering atTCA<Tc . Correlating the
temperature dependence of the resistivity with their resu
these authors have suggested that samples
0.10<x<0.16 have an intermediate ferromagnetic meta
phase forTCA<T<Tc , and a low-temperature canted an
ferromagnetic insulating phase forT<TCA, TCA coinciding
with the temperature of resistivity upturn for those samp
that exhibit such an anomaly. A search for a low-temperat
canted antiferromagnetic phase in thex50.15 system is now
in progress. We observe anomalies in the Bragg peak in
sities consistent with this interpretation.

The crystal structure of La0.85Sr0.15MnO3 at room tem-
perature is orthorhombic~Pbnm! with a55.512 Å,b55.548
Å, andc57.779 Å. This system undergoes a structural ph
transition atTs5360 K to a rhombohedral phase (R3̄c). This
transition exhibits a hysteretic character suggesting a fi
order transformation.

We have measured the spin-wave excitations in the
romagnetic state to determine how this material compare
other related ferromagnets. Figure 1 shows typical magn
inelastic spectra collected at 100 and 200 K, and redu
wave vectorq50.075 away from the~020! reciprocal point.
We can see that the spectrum is dominated at both temp
tures by spin waves observed in energy gain~E,0! and en-
ergy loss ~E.0!. The central peak originates from wea
temperature-independent nuclear incoherent scattering p
contribution from magnetic diffuse scattering. The data
Fig. 1 show an increase in the intensity of the central pea
200 K compared to 100 K, with no detectable broadening
the width. The study of theq and temperature dependence
the central peak needs to be pursued in order to determ
the origin of this effect, and in particular whether there
coexistence of spin-wave excitations and quasielastic sca
ing associated with spin diffusion belowTc , as has been
reported for La0.67Ca0.33MnO3 ~Ref. 15!. Similar data were
obtained at a series of wave vectors, and Fig. 2 shows
measured spin-wave dispersion relation along the~0,1,0! di-
rection at two different temperatures. We see that in the l
wavelength regime, the dispersion relation is well fit
E5E01Dq2, whereE0 is the spin-wave energy gap, andD
is the spin-wave stiffness coefficient, directly related to

FIG. 1. Magnetic inelastic spectrum collected at 100 and 200 K for a
duced wave vectorq50.075 in the~0,1,0! direction, showing the softening
of the spin-wave energy with increasing temperature. The spin waves
observed in energy gain~E,0! and energy loss~E.0!. The elastic peak
originates from nuclear incoherent scattering plus a contribution from m
netic diffuse scattering.
5492 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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exchange interactions. The fitted values ofD are 83.7560.36
meV Å2 and 33.660.8 meV Å2 at 10 and 220 K, respec
tively. The low temperature value of the spin stiffness co
stant gives a ratio ofD/kTc;4.1 Å2, which is a reasonable
value for an insulating ferromagnet. The fitted values ofE0
are 0.1060.004 meV and 0.0760.003 meV for 10 and 220
K, respectively, and were too small to be measured dire
in energy scans atQ5~020! with the best resolution avail
able. The energy gapE0 is a measure of the energetic cost
perform a uniform rotation of all the spins from the easy sp
direction into a ‘‘hard’’ direction. Therefore, the very sma
value ofE0 in the present system indicates that we are de
ing with a ‘‘soft’’ ferromagnet.19 Negligible values of the
spin-wave energy gap have also been reported for the m
lic ferromagnets La0.67Sr0.33MnO3 ~Ref. 14! and
La0.67Ca0.33MnO3 ~Ref. 15!. A low-temperature spin energ
gap of 0.75 meV was reported for La0.70Sr0.30MnO3,

13 but
this value came from an extrapolation of higherq data, and
not from direct measurements nearq50.

For a conventional ferromagnet that exhibits a seco
order phase transition, we expect the intensity of the sp
wave scattering at eachq to increase rapidly upon raising th
temperature towardsTc , both because of the increase in th
thermal population according to the Bose factor, and beca
of the renormalization~softening! of the spin-wave energy
The energy scans in Fig. 1 show that the spin waves
soften with increasing temperature, while gaining in inte
sity. Figure 3~a! plots the temperature dependence of the s
stiffness coefficientD(T), which exhibits a power law be
havior and appears to collapse asT→Tc . The integrated
intensity of the~020! Bragg reflection as a function of tem
perature nearTc is shown in Fig. 3~b! for comparison. This
reflection has a weak nuclear structure factor, and there
has a small intensity in the paramagnetic phase. BelowTc ,
magnetic scattering due to the ferromagnetism of spins al
ing on the manganese atoms will produce a magnetic st
ture factor and will result in an increase of the intensity. T
data in Fig. 3~b! are the same on warming and on coolin
with no visible hysteresis. It is thus very likely that this fe
romagnet exhibits a second-order phase transition. Never
less, these data cannot be used to extract a critical mag
exponentb, since we see anomalies in the intensity belo

-

re

g-

FIG. 2. Spin-wave dispersion along~0,1,0! at 10 K~open circles! and 220 K
~closed circles!. Solid lines are fits toE5E01Dq2, whereE0 is the spin-
wave energy gap, andD is the spin-wave stiffness coefficient.
Vasiliu-Doloc et al.
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210 K, that indicate another phase transition occurring
T;200 K, of structural and/or magnetic nature. In this ca
the two order parameters would be coupled, and would m
it very difficult to separate them individually. Further anal
sis is needed before proposing a possible interpretation.

Although the long wavelength limit of the spin-wav
dispersion relation along the~0,1,0! direction is quadratic in
q, with a negligible spin-wave energy gap, as expected fo
isotropic ferromagnet, ongoing studies of the spin-wave d
persion along different high-symmetry directions seem to
dicate anisotropy in the exchange interactions, with an in

FIG. 3. ~a! Spin-wave stiffness coefficientD in E5E01Dq2 as a function
of temperature.D appears to vanish at the ferromagnetic transition temp
ture, as expected for a conventional ferromagnet. The solid curve is a
a power law.~b! Temperature dependence of the integrated intensity of
~020! Bragg peak. There is a nuclear contribution to this peak, and
additional temperature-dependent intensity originates from the onset o
ferromagnetic order atTc5235 K. The data are the same on warming and
cooling, with no apparent hysteresis.
J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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plane coupling smaller than the in-plane couplin
Preliminary measurements of the spin-wave dispersion r
tion throughout the Brillouin zone also have been carried
and further work is in progress.

Acknowledgments:Research at the University of Mary
land is supported by NSF under Grant No. DMR 93-023
and by the NSF-MRSEC Grant No. DMR 96-32521.

1G. H. Jonker and J. H. van Santen, Physica~Amsterdam! 16, 337 ~1950!;
E. O. Wollan and W. C. Koehler, Phys. Rev.100, 545 ~1955!; G. H.
Jonker, Physica~Amsterdam! 22, 707 ~1956!.

2C. Zener, Phys. Rev.82, 403 ~1951!; P. W. Anderson and H. Hasegawa
ibid. 100, 675 ~1955!; P. G. de Gennes,ibid. 100, 564 ~1955!.

3Y. Tokura, A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido
and N. Furukawa, J. Phys. Soc. Jpn.63, 3931~1994!.

4K. Chabara, T. Ohno, M. Kasai, and Y. Kozono, Appl. Phys. Lett.63,
1990 ~1993!.

5S. Jin, T. H. Tiefel, M. McCormack, R. A. Fastnacht, R. Ramesh, and
H. Chen, Science264, 413 ~1994!; S. Jin, M. McCormack, T. H. Tiefel,
and R. Ramesh, J. Appl. Phys.76, 6929~1994!.

6A. Asamitsu, Y. Moritomo, Y. Tomioka, T. Arima, and Y. Tokura, Natur
~London! 373, 407 ~1995!.

7Y. Tomioka, A. Asamitsu, Y. Moritomo, H. Kuwahara, and Y. Tokur
Phys. Rev. Lett.74, 5108~1995!.

8Y. Tomioka, A. Asamitsu, H. Kuwahara, Y. Moritomo, and Y. Tokura,
Phys. Soc. Jpn.64, 3626~1995!.

9H. Yoshizawa, H. Kawano, Y. Tomioka, and Y. Tokura, Phys. Rev. B51,
R13 145~1995!.

10A. J. Millis, P. B. Littlewood, and B. I. Shraiman, Phys. Rev. Lett.74,
5144 ~1995!.

11A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido, and Y
Tokura, Phys. Rev. B51, 14 103~1995!.

12T. G. Perring, G. Aeppli, S. M. Hayden, S. A. Carter, J. P. Remeika,
S.-W. Cheong, Phys. Rev. Lett.77, 711 ~1996!.

13M. C. Martin, G. Shirane, Y. Endoh, K. Hirota, Y. Moritomo, and Y
Tokura, Phys. Rev. B53, 14 285~1996!.

14A. H. Moudden, L. Pinsard, L. Vasiliu-Doloc, and A. Revcolevsch
Czech. J. Phys.46, 2163~1996!.

15J. W. Lynn, R. W. Erwin, J. A. Borchers, Q. Huang, and A. Santoro, Ph
Rev. Lett.76, 4046~1996!.

16K. Hirota, N. Kaneko, A. Nishizawa, Y. Endoh, M. C. Martin, and G
Shirane~preprint, 1996!.

17A. H. Moudden, L. Vasiliu-Doloc, A. Goukassov, A. M. de Leon
Guevara, L. Pinsard, and A. Revcolevschi, Physica B~in press!.

18H. Kawano, R. Kajimoto, M. Kubota, and H. Yoshizawa, Phys. Rev. B53,
R14 709~1996!.

19See J. W. Lynn and J. A. Fernandez-Baca, inThe Magnetism of Amor-
phous Metals and Alloys, edited by J. A. Fernandez-Baca and W.-Y
Ching ~World Scientific, Singapore, 1995!, Chap. 5, p. 221.

-
to
e
e
he
5493Vasiliu-Doloc et al.

to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/japo/japcr.jsp


